Abstract-Patients with long term insulin-dependent diabetes are frequently troubled by gastric complaints consisting of early satiety, bloating, nausea, and often episodic vomiting. We are interested in investigating the basal electrical rhythm (BER) of the stomach to determine if abnormalities of the BER &cur in association with those gastric complaints.
I. INTRODUCTION HE stomach has an omnipresent electrical signal T which signal paces the rhythm of gastric contractions when they occur [ 11. This electrical signal is known by a variety of names, one of which is "basic electrical rhythm," or BER. The BER from the human stomach has been measured using a variety of electrode placement techniques, including sewing the electrodes directly onto the serosal surface of the stomach [2]- [12] , passing the electrodes perorally into the stomach and either suctioning them to the mucosal lining [4] , [7] , [Ill-[I61 or af- fixing them by use of an external magnet [ 171, or placing them cutaneously on the abdominal surface [2] , [12] , 1161- [26] . All of these methods have revealed a human gastric electrical signal of approximately three cycles/ minute (cpm). The recordings are commonly termed "electrogastrograms," or EGG'S.
There have been reports in the literature of an abnormal BER in patients with chronic nausea and vomiting [9] , [15] , [28] , in persons with brief episodes of nausea induced by motion [29] , in patients with anorexia nervosa [30] , and in diabetics with a syndrome known as diabetic gastroparesis [3 11 . The abnormalities of the BER reported in these investigations include tachygastria (high-frequency BER), tachyarrhythmia (unstable BER) , bradygastria (low-frequency BER), and postprandial (postfed) power reduction of the BER. Diabetics who suffer from the syndrome of gastroparesis demonstrate markedly prolonged gastric emptying and repetitive vomiting. Our goal was to investigate long term diabetics with a history of such gastric complaints in an effort to further characterize the presence and frequency of abnormalities of the BER in these patients. However, routine recording of the BER is difficult because of the relatively small amplitude of the signal in comparison with other physiological signals (e.g., cardiac) as well as artifact from respiration and movement. This makes visual interpretation of the signal frequency in time domain records difficult.
We felt that the investigation of a possibly pathologic BER would be facilitated by a method that would allow measurement of the frequency of the signal over long periods of time. To accomplish this we developed a microcomputer-based version of a minicomputer-based technique previously applied to elastrogastrography called running spectral analysis [29] , [37] to compute and display overlapping fast Fourier transformations (FFT's) .
This technique allows us to evaluate long recordings in the frequency domain, and was invaluable in the comparison of the electrogastrogram in nine patients with diabetic gastroparesis and a group of 11 normal volunteers of similar age without gastrointestinal symptoms.
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MATERIALS AND METHODS

A. Subjects
This investigation was approved by the human subjects committee of the University of Wisconsin on November 20, 1986. We recruited nine patients with a history of chronic insulin-dependent diabetes mellitus. Each of the subjects had a chronic history of early satiety, nausea, and intermittent vomiting, and all had one or more symptoms of end organ damage (five with peripheral neuropathy, three with renal failure status posttransplantation, and five with retinopathy). We also recruited 11 subjects of similar age without gastrointestinal symptoms or any history of gastric complaints (mean age for the diabetics was 44 * 12 versus 4 1
In an effort to examine the gastric function of the subjects, we had each subject undergo a radionuclide gastric emptying study on a day separate from hidher electrogastrogram. This was done by having the patient ingest two scrambled eggs labeled with 1 mCi of technetium with one slice of toast and 8 oz of orange juice. The subjects were positioned under a gamma camera and scanned for 120 min or until one-half emptying occurred. The diabetic subjects' mean one-half gastric emptying time was 146 + 29 (SEM) min as compared to 88 f 5 min for the normals.
18 for the normals).
B. Recordings of the Electrogastrogram
We have previously discussed extensively our method of recording of the electrogastrogram 1271. We asked the subjects to fast from midnight the night before the recording was to take place. We used both mucosal suction electrodes and cutaneous electrodes for the recording of the BER. We placed five electrodes over the upper abdomen: a central electrode in the midline, one-half the distance of the xiphoid to the umbilicus, four electrodes around the central electrode at the distance of two centimeters apart, and a reference electrode 5 cm above the right ankle. Each electode site was lightly abraded prior to electrode placement. We used pairs of these abdominal electrodes to provide a differential signal for the recording.
We then placed the suction electrode device perorally into the stomach and directed it fluoroscopically to the prepyloric-gastric antrum. This electrode consists of a 1 cm silicone rubber cup case with three 6 mm long electrodes spaced 120" apart (Model E214, In Vivo Metric Systems, Healdsburg, CA). The tip of each electrode has a small Ag/AgCl pellet. An opening in the cup leads to a silicone rubber tube which was used for suctioning the electrodes against the gastric mucosa. We then used pairs of the electrodes within the suction cup for recording a differential signal.
A catheter containing miniaturized strain gauge pressure transducers (Millar Institute, Houston, TX) was attached to the suction device to measure intragastric pressure.
In order to obtain an analog record of the electrogastrogram, we used a six-channel Sensormedics R6 1 1 chart recorder (SensorMedics Corporation, Anaheim, CA). We created a bandpass filter to decrease the interference from cardiac electrical activity and baseline drift. This was done by using the adjustable internal low-pass filter of the chart recorder at a cutoff of 0.12 Hz, or 7.2 cpm, and by creating a high-pass filter by placing capacitors in series with the input leads which, together with the input impedance of the recorder, resulted in a low-frequency cutoff of 0.024 Hz, or 1.44 cpm. In addition to the chart recording, we recorded the analog signal on an FM tape recorder at a tape speed of 15 / 16 in/s for purposes of digitization at a later time.
Partway through the recording period, we fed the subjects a standard meal of 148 ml (173 calories) of pudding and milk at room temperature. Recording took place for 78.8 j~ 3.8 min.
C. Analysis
We individually scored the chart recordings for the presence of 3 cpm signal and evidence of any abnormalities such as patterns of high frequency (greater than 3.5 cpm), low frequency (less than 2.5 cpm), or irregular rhythms which were present in both the mucosal and cutaneous recordings.
We digitized the data from the FM tapes using an IBM-PC AT microcomputer with a LabMaster 16 channel, 12 bit analog-to-digital converter (Scientific Solutions, Solon, OH). The tapes ran at 16 times real time and sampling took place at 16 sampleds (sps) which corresponds to real-time sampling of 1 sps. We used a program based on the Cooley-Tukey algorithm [32] to compute 256 point FFT's for the running spectral analysis, with the data first undergoing modification by application of a Hamming window to reduce leakage. Each FFT represents approximately 4 min of data and was recomputed every 60 data points for an overlap of 1 min, or 77 percent. Power spectra were obtained by squaring the magnitude of the FFT's and the series of spectra was then stored in a data file on the hard disk of the AT. We also wrote graphics programs for a pseudo-3-D plot and a gray-scale plot to display the running spectral analysis.
We also performed statistical analysis of the data involving calculation of mean frequency and average "peak frequency" along with their variances for each subject. We define "peak frequency" to be the frequency at which the highest power in an individual spectrum occurred (Fig.  1) . Postprandial-to-fasting power ratios were also computed. Significance of differences between the normal and diabetic groups was obtained using the unpaired t test. We wrote all of the above-mentioned computer programs in the C language.
D. Graphics Algorithms 1 ) Pseudo-3-D Representation:
In order to present time, frequency, and power information to the viewer, we wrote a program to display the FFT's in pseudo-3-D form which gives the illusion that the display has a three-di-
Peak Frequency
Frequency Fig. 1 . The arrow points to the "peak" frequency in this particular power spectrum.
mensional coordinate system, with time along the x axis, frequency along the y axis, and power along the z axis.
To show this on a two-dimensional graphics printout, each subsequent power spectrum, representing later and later time periods, has its orgin shifted in both the x and y directions. The more the origins are shifted in the y direction with respect to the x direction, the sharper the viewing angle, which allows for better separation of the individual spectra but makes for greater difficulty in following a frequency component through several time periods.
2) Gray-Scale Representation:
In the gray-scale plots, a two-dimensional coordinate system is used with the x axis representing frequency, the y axis representing time, and the intensity of the points representing spectral power. Therefore, the darker the point, the greater the power of the spectrum at that point. This representation has both advantages and disadvantages compared to the pseudo-3-D representation. The gray-scale does not provide as great a degree of resolution of amplitude as does the pseudo-3-D representation but it does facilitate observation of frequency shifts.
In our "pseudo" gray-scale representations of power spectra, each data point is represented by a 5 X 5 matrix of pixels. Thus, there can be 26 levels of intensity-from all pixels off to all pixels on. The maximum of all the data values in the spectra to be plotted is first obtained, and this value is given an intensity level of 25, which means 25 pixels in the matrix will be turned on. All other values are scaled proportionally to this maximum and rounded to an integer value which represents an intensity level.
RESULTS
We found that the statistics of the internal and external data matched well for the normal subjects; however, we had trouble obtaining consistent recordings from the internal electrodes of the diabetics. These patients were often nauseated and retching, or had retained gastric contents. This resulted in the frequent loss of suction in the internal electrode device with accompanying loss of contact between the electrodes and the mucosa. Because of this, we will report only data from external electrodes in our comparison of the results from the two groups.
Manually scoring the data in the time domain is cumbersome. We found only one clear episode of tachygastria where a clear repetitive segment of a rate faster then 3.5 was demonstrated in both the suction and cutaneous electrodes (Fig. 2) . Fig. 3 shows the pseudo-3-D and grayscale plots for the patients whose time-domain record is shown in Fig. 2(c) . In the other patients, we were unable to identify instances where a regular signal of abnormal frequency replaced the usual 3 cpm signal for any significant stretch of time. Often the 3 cpm would be replaced by periods of irregular rhythms. While it is possible these episodes could be an arrhythmia it is difficult to say that it is not artifact. We did observe instances where the 3 cpm signal was replaced by a clearly higher frequency (Fig. 4) , but the condition usually did not last long enough to be seen in more than 3-4 consecutive spectra, and could be identified in both diabetics and normals.
When we compared the statistical results from the two groups, we did observe a slightly higher mean frequency 
Cycles per minute
Cycles per minute in the diabetics than in the normals in both the prefed and postfed states but the difference was not shown to be statistically significant ( 2.9-2.85 cpm prefed and 3.05-2.95 cpm postfed). However, as seen in Table I , there was a statistically significant difference in the postfed peak frequencies with the diabetics showing a mean peak value of 2.91 cpm compared to 2.60 cpm for normals. There was no such differences in prefed peak frequency (2.595 cpm for diabetics and 2.495 cpm for normals). Upon closer examination, we found that this averaged postfed peak frequency difference did not represent a slight change in the frequency BER in the diabetics, but rather a shift of the peak frequency for several periods into a higher frequency range. We defined the low range to be 1.0-2.5 cpm, the midrange (or normal range) of 2.5-3.5, and the high range 3.5-7.0 cpm. Table I1 shows that diabetics had a significantly higher percentage of peak frequencies in the high range in the postfed state as compared to normals, 15.4-6.2 percent, while there was little difference in the 2.5-3.5 cpm, or normal, range (56.5-59.2 percent). The occurrence of the peak frequency in the high range could be termed "tachygastria" and that in the low, "brandygastria."
Using the paired t test, we found that the peak frequencies increase significantly from the pre-to postfed states in both the diabetic and normal groups. Again, upon closer examination of the data, the change in peak frequency proved to be the result not of a small shift in the BER, but of the presence of additional peaks in the lower and higher ranges. In normals, the incidence of the peak frequencies in the nigh range drops slightly (although not significantly) from the pre-to postfed state, 7.3 to 6. percent, while that of the low range decreases from 34.0 to 28.1 percent. Thus, while both normals and diabetics exhibit a prefedto-postfed increase in peak frequency, the underlying reasons for the change are quite different in the two cases. In the diabetics, the shift of the mean peak frequency is due to a sharp increase in high-range peaks along with a slight decrease in low-and midrange peaks. In normals the shift is due almost exclusively to a change of peaks from the low to midrange with the incidence of high-range peaks changing very little.
With regard to postfed changes in power, we found a slightly higher postfed-to-prefed power in normals than in diabetics but the difference was not significant ( 1.156-0.929). Fig. 5(a) shows that the pseudo-three-dimensional plot from a subject exhibiting distinct postprandial power increase while Fig. 5(b) shows a more representative subject with a slight, or unremarkable power increase.
We also found no differences in the variances of the mean and peak frequencies between the two groups. A difference in variance might have indicated an instability of the BER.
IV. DISCUSSION
The goal of this study was to apply the running spectral analysis technique to long recordings of the EGG from normals and diabetic subjects in an attempt to bring to light frequency differences that have been indicated from a previous report [31]. These differences are often not readily apparent from time domain observations. Work in the time domain has been impeded by the low signal amplitude of the EGG and contamination by various noise sources including the EGG, which is approximately ten times stronger than the EGG, the EMG, respiration, other motion artifacts, and other slowly varying potentials originating from elsewhere in the GI tract. Noise tends to vary inversely with frequency, and the low (0. One of the problems with using the FFT is that there is a loss of time information. Several minutes of data are needed to compute the transform, which then gives the frequencies present in that time segment. However, there is no indication of when in those several minutes the different frequencies occurred. This problem has been partially overcome by using overlapping FFT's in running spectral analysis technique, which allows frequency domain analysis of long stretches of the data without the We were successful in achieving the same analysis on a microcomputer, writing relatively simple graphics programs for pseudo-3-D gray-scale plots. This method allows for the comparison of the normal and diabetic groups in a way that was not possible from visual interpretation of the time-domain records. While the spectral analysis reveals a significant difference in postfed-mean-peak frequencies in the two groups, there is considerable overlap of the individual subjects (Fig. 6 ) .
Our hypothesis that there would be an increase in the number of episodes of tachygastria in diabetics over normals has thus been supported, albeit the appearance of the tachygastria was different than expected. Instead of sustained periods of high frequency, the phenomenon apparently manifests itself as irregular bursts of high frequencies interpersed with the stable 3 cpm signal in the postfed state (Fig. 6 ) . This abnormality of the controlling electrical signal of the antral muscle of the stomach may be the result of underlying neuropathy and may serve to set up abnormal contraction patterns that could relate to nausea or vomiting episodes, especially in the time-span shortly after feeding.
V. CONCLUSIONS
We conclude that there are significant differences between the EGG'S of diabetic gastroparetic and normal subjects. These differences are reflected in the higher mean peak frequency of the diabetics over normals in the postfed state and in the increase of occurrence of highrange peak frequencies (tachygastria) from pre-to postfed states in diabetics. These differences are not readily observable from manual scoring of the data, but become apparent after application of the running FFT technqiue discussed above.
